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Hierarchically ordered microstructures, self-assembled from copolymers, have drawn considerable at-
tentions in the last decades. Study of hierarchical microstructure impacts many realms such as material
engineering and biology science. In this article, notable recent advances in the ﬁelds of hierarchical
polymeric microstructures generated in either bulk or selective solvents are highlighted, from both the
experimental and theoretical/simulation aspects. The polymer systems for the hierarchical microstruc-
tures are concentrated on multiblock copolymers and polymer blends with/without non-covalent
bonding interactions. Particular emphasis is placed on what governs the self-assembly of hierarchical
microstructures from a diversity of designed copolymer systems, how to classify the types of non-
frustrated and frustrated hierarchical structures, and where the future opportunities are.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Hierarchical assembly of materials is one of the most promising
yet challenging aspects of nanoscience [1e3]. Nature has provided
many elegant examples of hierarchical structural designs. For
example, a tendon is a hierarchical material in which the organi-
zation is controlled over many discrete length scales, ranging from
collagen ﬁbrils to ﬁbers [3,4]. This natural phenomenon has stim-
ulated researchers to fabricate synthetic hierarchical materials by
mimicking natural materials [3,5]. Although the feat for synthe-
sizing hierarchical materials, in terms of complexity and precision,
is still very primitive, advanced progress has already been made
towards this ﬁeld.
It is well-known that the structures at microscopic scales often
play a unique role in determining the physical properties of the
materials d transferring and amplifying molecular functions to a
property at macroscopic length scales. If additional structures in
the size comparable to the original microstructures are incorpo-
rated into the same materials, the physical properties should be
determined by both the microstructures, probably leading to a
variation of the transfer and ampliﬁcation of the molecular func-
tions to material properties. Therefore, it is able to realize an
astonishing range of functions by resorting to the same constituent
materials, as done by nature. In view of this, many polymer scien-
tists have devoted their efforts to develop hierarchicalt.edu.cn (J. Lin).
-NC-ND license.microstructures from polymer systems. The hierarchical micro-
structures can be deﬁned as an ordered structure with n levels of
microscopic length scales. For n ¼ 0, the materials are isotropic at
microscopic length scales, and n ¼ 1 could represent the materials
with conventional microphase-separated structures such as clas-
sical lamellar, cylindrical, and spherical phases [6]. The hierarchical
microstructures are beyond these structures, exhibiting more than
one length-scale structure (n  2), such as lamellae-in-lamella and
lamellae-in-cylinder.
Beneﬁted in the latent possibility in gaining materials with
various physical properties from hierarchical assembly, the ﬁeld of
polymer hierarchical microstructures has undergone rapid growth
over the last decades. A diversity of polymer systems have emerged
to create hierarchical microstructures. Recently, several reviews
have been published that cover the general aspects of polymer
hierarchical microstructures in either the bulk or selective solvents
[7e11]. The intent of the current article is not to provide a repeat
review of the hierarchical microstructures. Instead, we highlight
the recent progress in understanding the physical mechanisms
behind the formation of these structures, combining with our
recent theory and simulation results. Since the construction of hi-
erarchical microstructures by transferring hierarchical character-
istic of molecular length scale to the next level is neither automatic
nor necessary, establishing links for the hierarchy transfer from the
molecular levels to microscopic scales requires resorting to physical
means, in addition to chemical approaches [12]. Therefore, theory
and simulation have been used to deepen our understanding of the
polymer hierarchical microstructures, which have the advantages
of (a) reducing the burdens from synthesizing complex copolymers,
L. Wang et al. / Polymer 54 (2013) 3427e34423428(b) gaining information that is difﬁcult to be obtained in the ex-
periments, and (c) predicting new hierarchical structures and un-
known properties. The theory and simulation methods widely
employed in studying the phase behaviors of polymers include self-
consistent ﬁeld theory (SCFT) [13e19], dissipative particle dy-
namics (DPD) simulation [20e24], Brownian dynamics (BD) simu-
lation [25e27], and so on.
The remainder of this feature article is organized as follows. In
Section 2, we review the hierarchical microstructures self-
assembled from the copolymer systems in bulk. In Section 3, we
present some recent advances in the hierarchical microstructures
assembled in dilute solutions. In both sections, a discussion of the
mechanisms behind the formation of hierarchical microstructures
is presented. In the ﬁnal section, wemake an attempt to point some
future directions for the further development of polymer hierar-
chical microstructures.
2. Bulk hierarchical microstructures self-assembled from
copolymer systems
One principle for designing hierarchical microstructures is to
utilize systems with more than two incompatible polymeric blocks.
In these systems, the multiple blocks are phase-separated into
multiple substructures in an integrated structure, resulting in hi-
erarchical microstructures with multiple length scales. The for-
mation of such kinds of structures is usually dominated by the
interaction enthalpy. In these designs, macrophase separation is
prohibited by introducing covalent/non-covalent bonding in-
teractions between different blocks. In addition, the polymer sys-
tems with no more than two components are also capable of self-
assembling into hierarchical microstructures, through elegantly
designing the polymer architectures such as two-component
multiblock copolymers with various block lengths. In these sys-
tems, the interaction enthalpy is no longer the dominant role. The
conformational entropy, however, governs the formation of the
hierarchical microstructures. The content in this section is orga-
nized into three subsections, including multi-component
terpolymer systems, multi-component supramolecular systems,
and entropy-dominated two-component systems.
2.1. Terpolymer systems
One of the well-known systems for generating hierarchical
microstructures is so-called multiblock copolymer, such as ABC-
terpolymer and A(BC)n/A(BC)nBA multiblock copolymer. The ABC-
terpolymers, bearing three different incompatible blocks, are the
simplest yet important candidates for forming hierarchical micro-
structures. In terms of the relative interaction strengths between
three blocks, the linear ABC-terpolymers are classiﬁed into “non-
frustrated” and “frustrated” cases [28]. In non-frustrated cases, the
interaction strength between two endblocks is comparable to or
higher than those between the neighboring blocks. Due to the non-
connectivity between the A- and C-endblocks, the A- and C-blocks
are completely separated, and the formation of A/C interfaces is
inhibitive. This results in coreeshell or alternative hierarchical
microstructures, where the substructures are arranged along the
linear topology of the terpolymers [29e32].
While in the frustrated cases, the interaction strength between
two endblocks is much smaller than those between other blocks,
and thus the A/C contact is favored. Since the formation of A/C
interfaces is not commensurate with the linear topology of ABC-
terpolymers, the hierarchical microstructures formed at this case
are frustrated but elegant [33e38]. For example, Li et al. have
explored various frustrated microstructures from the linear ABC-
terpolymer systems, using the SCFT [39,40]. Thesemicrostructures are beyond the structures with C-core-B-shell
cylinders in A-matrix, involving quadruple straight cylinders-on-
cylinder, triple straight cylinders-on-cylinder, triple helices-on-
cylinder, double helices-on-cylinder, single helix-on-cylinder,
perforated-lamella-on-cylinder, rings-on-cylinder, and spheres-on-
cylinder (Fig. 1). In these structures, the whole molecules form
large-length-scale cylindrical structures, whereas the B- and C-
blocks form small-length-scale structures such as rings and helices.
They indicated that in the parameter space of calculations, the
double and triple helical phases are the stable supercylindrical
phases and the phases such as single helix-on-cylinder, rings-on-
cylinder, and quadruple/triple straight cylinders-on-cylinder are
metastable. The formation of the helical phases is induced by the
mismatched lengths between the B- and C-cylinders, since screw-
ing B-cylinders around C-core-cylinder with varying pitch angles is
an efﬁcient way to adjust this mismatched length ratio. In addition,
the introduction of antiferromagnetic chiralities onto neighboring
helical supercylinders, i.e., alternative rows of left-handed and
right-handed helices, is found to be preferred by the helical phases.
The topology of the ABC-terpolymers is a crucial role in deter-
mining the ﬁnal hierarchical microstructures. In addition to the
linear arrangement, the A-, B-, and C-blocks can also be arranged
into star-like architectures. Since the three blocks are tethered at
one junction point, the A/B, A/C, and B/C interfaces always exist in
the microstructures (Fig. 2a). This topological requirement results
in hierarchical microstructures with tiling patterns such as Archi-
medean tiling and quasicrystalline tiling (Fig. 2b) [41e44].
Compared with the frustrated microstructures of linear ABC-
terpolymers, the A/C interfaces formed in this case are perma-
nent, and thereby the microstructures obtained from the star ABC-
terpolymers are less sensitive to the relative interaction strengths.
To fabricate hierarchical microstructures with more sub-
structures, some researchers have incorporated more BC-blocks
into the linear ABC-terpolymers. These types of copolymers are
so-called A(BC)n/A(BC)nBA multiblock copolymers. Several studies
have conﬁrmed that an increase in BC-block number (n) can in-
crease the number of substructures in hierarchical microstructures
[45,46]. As shown in Fig. 3, the A(BC)nBA multiblock copolymers,
i.e., P2VP-b-(PI-b-PS)4-b-PI-b-P2VP, can form hierarchical lamellae
with 5 alternative PIePSePIePSePI sub-layers. Compared with the
three-phase structures of linear ABC-terpolymers, the hierarchical
structures formed by A(BC)nBA multiblock copolymers include
more small-length-scale structures with evident scale differences.
The A(BC)n/A(BC)nBA multiblock copolymer systems can also be
divided into “non-frustrated” and “frustrated” cases.
In the non-frustrated cases, namely, the interaction strength
between A- and C-blocks is comparable to or higher than those
between other blocks, the A(BC)n/A(BC)nBA multiblock copolymers
are able to self-assemble into hierarchical microstructures with
parallel packed substructures, such as parallel spheres-in-lamella,
parallel cylinders-in-lamella, parallel lamellae-in-lamella, parallel
cylinders-in-cylinder, and parallel spheres-in-sphere (Fig. 4). In
these hierarchical structures, the small-length-scale structures al-
ways remain layers, whereas the large-length-scale structures
change with A-block lengths. These structures were ﬁrst observed
in the experiments carried out by Matsushita et al. for P2VP-b-(PI-
b-PS)4-b-PI-b-P2VP or P2VP-b-(PS-b-PI)3 multiblock copolymers,
and further reproduced by the SCFT calculations (Fig. 4) [47,48].
The number of small-length-scale structures in parallel hierar-
chical microstructures is dependent on either the number of BC-
blocks or the interaction strength between A- and BC-blocks.
Wang et al. found that the number of substructures increases as
the number of BC-blocks or the interaction strength between A-
and BC-blocks increases [48]. The latter is consistent with the SCFT
results for A(BC)nA multiblock copolymers [49]. Both the enthalpy
Fig. 1. Isosurfaces for B (green) and C (blue) blocks of frustrated microstructures formed by linear ABC-terpolymers: (a) quadruple cylinders-on-cylinder, (b) triple cylinders-on-
cylinder, (c) triple helices-on-cylinder, (d) double helices-on-cylinder, (e) single helix-on-cylinder, (f) perforated-lamella-on-cylinder, (g) rings-on-cylinder, and (h) spheres-on-
cylinder. The A-blocks occupy the matrix of the hierarchical cylindrical structures. Adapted with permission from Ref. [40]. Copyright (2012) American Chemical Society.
L. Wang et al. / Polymer 54 (2013) 3427e3442 3429and entropy play important roles in determining the number of
substructures. The increase in the number of substructures upon
increasing the A/BC interaction strengths is a process of reducing
the internal energy at the cost of conformational entropy. It was
proved by examining the accumulative density at the A/BC in-
terfaces, which can be effectively reduced by increasing the number
of substructures [48]. The losses of conformational entropy can be
ascribed to the decrease in the number of possible conformations
and increase in the stretching energy from the enlarged structural
periodicity.
In the frustrated cases, the A/C interaction strength is smaller
than A/B or B/C interaction strengths, which allows the productionFig. 2. (a) Schematic of cylindrical structure self-assembled from a star ABC-terpolymer wi
[8], Copyright (2007) American Chemical Society. (b) Archimedean tiling patterns formed by
regions correspond to PI, PS, and P2VP domains. Adapted with permission from Ref. [43]. Cof hierarchical structures with perpendicular arrangement of
small-length-scale structures. Wang et al. demonstrated that the
perpendicularly arranged structures such as perpendicular
lamellae-in-lamella can be obtained when the B/C interaction
strength is very high (Fig. 5a) [48]. This theoretical ﬁnding is
corroborated by the experimental observations. Bates et al. pre-
pared a sample of PEP-b-(PCHE-b-PE)2-b-PCHE hexablock co-
polymers containing a long PEP tail block and ﬁve short PCHE and
PE middle blocks, where the interaction strengths follow the
sequence of cPCHE/PE > cPCHE/PEP > cPE/PEP [50e52]. This sample
forms the perpendicular lamellae-in-lamella that contains strips of
PCHE- and PE-forming layers arranged normal to alternatingth one-dimensional alignment of junction points. Reprinted with permission from Ref.
PS-b-PI-b-P2VP star terpolymers with arm-length ratio 1:1:0.7. The dark, light, and gray
opyright (2006) American Chemical Society.
Fig. 3. (a) TEM image of the P2VP-b-(PI-b-PS)4-b-PI-b-P2VP undecablock terpolymers. The black, white, and gray regions are assigned to PI, PS, and P2VP domains, respectively [45].
(b) DPD simulation results of lamellae-in-lamella formed by A4(BC)4BA4 multiblock copolymers with aBC ¼ 85, aAB ¼ 320. The top view shows the schematic conformations of the
multiblock copolymers in the structures. Adapted from Ref. [46] with permission of The Royal Society of Chemistry.
L. Wang et al. / Polymer 54 (2013) 3427e34423430lamellae formed by PEP (Fig. 5b). Recently, Li et al. mapped out the
phase diagrams of perpendicular lamellae-in-lamella (Fig. 5c), and
found that the stability condition is consistent with that obtained
by Wang et al. or Bates et al. [53].
Compared with the parallel packed microstructures, the for-
mation of the perpendicular hierarchical microstructures is entro-
pically favorable. On one hand, the number of possible
conformations in the perpendicular structures is larger than that in
the parallel structures. On the other hand, in contrast with the
parallel structures, the B- and C-chains in the perpendicular
structures suffer from less marked conﬁnement imposed by the
large A-domains because the substructures orient perpendicularly
to the conﬁned layers to retain bulk period. Meanwhile, the internal
energy in the perpendicular structures is increased.
It is noted that the recent studies are focused on the systems
with equal lengths of B- and C-blocks. If the B- and C-blocks are
unequal, the morphology window would be enlarged considerably.
It can be anticipated that, when the lengths of cylinders respec-
tively formed by B- and C-blocks are mismatched, the multiblock
copolymers may self-assemble into helical superstructures.Fig. 4. Hierarchical microstructures of (a) spheres-in-lamella, (b) cylinders-in-lamella, (c) lam
(1) experiments and (2) SCFT calculations. The experimental samples are P2VP-b-(PI-b-PS)
fractions of the endblocks are 0.08, 0.21, 0.53, 0.75 and 0.87 in the experiments and 0.10, 0.20
Refs. [47,48]. Copyright (2007, 2010) American Chemical Society.Compared to the helical structures obtained from the linear ABC-
terpolymers, these structures can bear more small-length-scale
helices within every large-length-scale structures.
2.2. Supramolecular polymer systems
When the building blocks are connected through non-covalent
linkages such as hydrogen bonds and electrostatic interactions,
they can create a dynamic molecular architecture for further self-
assembling into hierarchical microstructures. This system is usu-
ally named as supramolecular polymer [54e58]. Biological systems
make use of this concept extensively, which spurs onmore research
in this ﬁeld. In the supramolecular polymers, mixing blocks with
varying ratios provides a straightforward yet powerful way to
create a plethora of exciting hierarchical microstructures, without
having to synthesize more complicated multiblock copolymers. In
addition, the supramolecular polymers offer a great platform for
the materials with highly tunable properties, such as environ-
mental adaptation and self-repair capacity, due to the temperature/
pH-dependent characteristic of non-covalent bonds [59].ellae-in-lamella, (d) cylinders-in-cylinder, and (e) spheres-in-sphere obtained from the
4-b-PI-b-P2VP for (a1-c1) and P2VP-b-(PS-b-PI)3 for (d1-e1). From a to e, the volume
, 0.50, 0.75, and 0.88 in SCFT calculations, respectively. Reprinted with permission from
Fig. 5. Perpendicular lamellae-in-lamella obtained from (a) SCFT calculations for
A(BC)3 multiblock copolymers with cBCN ¼ 600, cABN ¼ 100 and cACN ¼ 50 and (b)
experiments for PEP-b-(PCHE-b-PE)2-b-PCHE hexablock copolymers. The blue, red, and
green colors are assigned to A-, B-, and C-blocks, respectively. (c) Phase diagram in
cABN-cBCN plane for A(BC)2B multiblock copolymers with cACN ¼ 34. The volume
fractions of A-, B-, and C-blocks are 0.50, 0.25, and 0.25. L3 and L5 respectively denote
the parallel lamellae-in-lamellae with 3 and 5 sublays, whereas Lt denotes the
perpendicular lamellae-in-lamella. Reprinted with permission from Refs. [48,50,53].
Copyright (2009, 2010) American Chemical Society.
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miscible by aid of hydrogen binding interaction is a widely-studied
model for creating hierarchical microstructures [60e62]. Mat-
sushita et al. prepared blend samples of PI-b-P2VP and P4HS-b-PS
diblock copolymers, where the P2VP and P4HS blocks are miscible
via hydrogen bonds [60]. The sample consisting of 1:1 symmetrical
PI-b-P2VP and P4HS-b-PS self-assembles into hierarchical lamellae.
In these lamellae, the P2VP and P4HS chains are mixed to form
large-length-scale layers, whereas the PI and PS chains are sepa-
rated into small-length-scale layers that normal to layers of mixed
P2VP and P4HS (Fig. 6a). The change of the symmetry of AB- and/or
CD-block copolymers can lead to a variety of hierarchical micro-
structures. For example, the structures with mixed B/C-cylinders at
the interface of alternated A- and D-lamellae were observed for the
blends with lower fractions of B- and C-blocks (Fig. 6b).
Recently, Fredrickson and coworkers investigated the effect of
the hydrogen-bonding strengths on the hierarchical microstruc-
tures, by controlling over the relative densities of hydrogen-
bonding donors/receptors [61]. They prepared a mixture of the
PEO-b-P(S-r-4HS) and P(S-r-4VP)-b-PMMA with various fractions
of hydrogen-bonded phenolic (4HS) and pyridyl (4VP) units. It was
observed that the hierarchical square arrays are favored for the
blend samples with lower density of hydrogen bonds at stoichio-
metric ratio of donors to acceptors (Fig. 6c). In addition, hexago-
nally packed structures with mixed PEO/PMMA-domains wereobserved when the donor-to-acceptor ratio is far from the stoi-
chiometric ratio (Fig. 6d).
Lin et al. have utilized the SCFT to study the assembly of the su-
pramolecular polymers [63]. The system studied is a blend of AB-
diblock copolymers and C-homopolymers, where the end of
B-blocks can be tethered to the end of C-homopolymers via non-
covalent bonds. The inﬂuences of the blend ratio and bonding
strength on the hierarchical structures formed by supramolecular
systemswere investigated.Notonly thehexagonallyandtetragonally
packed cylinders but also the tetragonal C-cylinders surrounded by
hexagonal A-cylinders were discovered. The tetragonally packed
cylinders appear at higher bonding strengths, while the hexagonally
packedcylinders emerge at lowerbondingstrengths. Comparedwith
the hexagonal cylinders, the coordination number of C-cylinders in
the tetragonal cylinders is reduced, implying that the A- and C-do-
mains are distributed more dispersed in the tetragonal cylinders.
This results in an increase in the interaction energy, which is offset
by the increase in the conformational entropy.
A general view of the domains formed by hydrogen-bonding
donors and acceptors is that these two blocks are mixed in a ho-
mogeneous state. However, our recent studies discovered that, the
hydrogen-bonding donors and acceptors are not homogeneously
mixed even if the interaction strengths between them are much
lower.Wedeveloped a SCFTapproach for studying the self-assembly
of supramolecular polymers, by treating the hydrogen bonding as a
screen electrostatic (Yukawa) potential [64]. Such an approach can
treat hydrogen-bonding interaction more accurately than the pre-
vious reaction treatment [63], which bridges a gap between the
hydrogen-bonding interactions and electrostatic interactions. We
studied a supramolecular system containing 1:1 symmetric AB- and
CD-block copolymers. The preliminary results are presented in
Fig. 7. The systems are able to self-assemble into the perpendicular
hierarchical lamellae, where the B- and C-blocks can form non-
covalent bonds (Fig. 7a). Examining the domains formed by B- and
C-blocks, we found that the B- and C-blocks tend to be microphase-
separated (Fig. 7b). This phenomenon becomes obvious as the
interaction strength increases. This ongoing study would provide
valuable microscopic information about the self-assembly of su-
pramolecular polymers into hierarchical microstructures in future.
The above structures are usually prepared from the blendswith a
1:1 M ratio of two copolymers. A variation of the molar ratios can
lead to a change of the hierarchical microstructures. The most
famous example involving unequal molar ratios is the supramolec-
ular systems containingAB-diblock copolymers and low-molecular-
weight C-compounds [65,66]. In these systems, the C-compounds
are attached to the B-blocks via hydrogen-bonding interaction,
electrostatic interaction, or metal coordination. Ikkala and ten
Brinke characterized the morphologies of the supramolecular sys-
tems consisting of PS-b-P4VP and PDP. As side chains, the PDPs are
attached to the P4VPblocks viahydrogenbonds between thephenol
and pyridine groups. In this case, the hierarchical microstructures
such as perpendicularly packed lamellae-in-lamella were observed,
where the small-length-scale self-assembling tendency of supra-
molecular combP4VP(PDP) is combinedwith the large-length-scale
self-assembling tendency of block copolymers (Fig. 8). Through
changing the symmetry of the PS-b-P4VP block copolymers, the
supramolecular polymers self-assemble into the hierarchical mi-
crostructures with ﬁxed small-length-scale lamellae and varied
large-length-scale structures such as cylinder, sphere, and gyroid.
The change of the binding fractions of donor molecules on re-
ceptor blocks can also incur the variation of the large-length-scale
structures. Chen et al. investigated the self-assembly of DBSA and
PS-b-P4VP blends at different feed ratios of DBSA and P4VP [67,68].
Through a selective complexation of DBSA and PS-b-P4VP, two
types of cylinders embedded in small-length-scale lamellar matrix
Fig. 6. (a) TEM image of the PI-b-P2VP/P4HS-b-PS blends with 1:1 ratio. The right view shows the sketch of the microdomain arrangement and possible molecular arrangement in
this structure. The mol fraction of PI and PS in each copolymer is 0.54 and 0.49. (b) TEM image of the PI-b-P2VP/P4HS-b-PS blends with 1:1 ratio. The mol fraction of PI and PS in
each copolymer is 0.91 and 0.86. (ced) SFM phase images of solvent annealed ﬁlms from supramolecular block copolymer blends of PEO-b-P(S-r-4HS) and P(S-r-4VP)-b-PMMA near
stoichiometric donor-to-acceptor ratio and beyond stoichiometric donor-to-acceptor ratio, respectively. Reprinted and adapted with permission from Refs. [60,61]. Copyright (2005,
2010) American Chemical Society.
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metry can be either hexagonally or tetragonally packed cylinders.
At high binding fraction, the hexagonal lattice with orthogonal
orientation of two-length-scale structures is favored (Fig. 9a).
While at low binding fraction, the tetragonal packing in which the
lamellae adopt the edge-on arrangement was obtained (Fig. 9b).
2.3. Entropy-dominated two-component systems
While most of the systems are designed by incorporating more
than two types of blocks in one system, several systems which
involve only two different kinds of blocks are able to self-assemble
into hierarchical microstructures. These systems include Al-b-(Bs-b-
As)n multiblock copolymers and Al-b-(As-g-(Bs)n) coil-comb block
copolymers (the subscripts l and s stand for long and short chains,Fig. 7. (a) SCFT results of hierarchical lamella self-assembled from AB/CD supramolecular
dimensional density distribution along the arrow shown in (a) [64].respectively). In these systems, the two-component copolymers are
designed to have two signiﬁcantly different molecular length scales
(Fig. 10a).
Matsushita et al. prepared hierarchical lamellar structures, with
two different periodic distances within one repeating unit cell,
from the self-assembly of an undecablock copolymer consisting of
two long polystyrene chains at both ends and nine short multi-
blocks in the middle (Fig. 10b) [69]. This is a ﬁrst successful design
of hierarchical structures from the system in presence of two
markedly different molecular length scales. These hierarchical
lamellae were further investigated by ten Brinke et al., using the
SCFT and strong segregation theory [70,71]. They demonstrated
that the hierarchical lamellae with different numbers of sub-layers
have different free energies, and the stable lamellae-in-lamella can
be obtained by comparing their free energies (Fig. 10c). They alsopolymers bearing hydrogen-bonding interactions between B and C blocks. (b) One-
Fig. 8. TEM image of lamellae-in-lamella of PS-b-P4VP(PDP)1.0 with the molecular
weights of the PS block 238 kg mol1 and P4VP block of 49.5 kg mol1. The top view
shows a schematic representation of the molecular conformations in the lamellae-in-
lamella. Adapted with permission from Refs. [65,66], Copyright (1999, 2006) American
Chemical Society.
Fig. 9. Schematic of (a) hexagonally packed cylinders and (b) tetragonally packed
cylinders formed by PS-b-P4VP(DBSA) supramolecular coil-comb block copolymers.
The small-length-scale lamellae display the orthogonal orientation in the hexagonal
structure in (a), where the lamellae stack along the long axis of cylinder. For the
tetragonal structure in (b), the small-length-scale lamellae adopt the edge-on
arrangement, where the side chains of the comb blocks tend to lie ﬂatly on the
plane of the cylinder cross section. Adapted with permission from Ref. [67], Copyright
(2009) American Chemical Society.
L. Wang et al. / Polymer 54 (2013) 3427e3442 3433revealed that the appearance of hierarchical lamellae upon
increasing interaction strength is either a continuous transition or a
crossover behavior. Matsushita et al. speculated that the number of
sub-layers in the hierarchical lamellae is dependent on the number
of conformations [69]. Although such a speculation is not very
precise since the hierarchical structures are formed via a delicate
balance of the interaction energy and conformational entropy, it
implies that the formation of hierarchical microstructures is
entropically dominated in essence.
When the (Bs-b-As)n multiblocks in Al-b-(Bs-b-As)n multiblock
copolymers were replaced with a graft copolymer As-g-(Bs)n, it
results in a coil-comb block copolymer. The coil-comb block
copolymer is a speciﬁc graft copolymer with highly asymmetric
grafting. Pioneeringworks by ten Brinke et al. andWang et al. based
on random-phase approximation analysis have shown that such a
graft copolymer can exhibit unusual phase behaviors [72e75]. The
A-coil blocks and As-g-(Bs)n comb blocks would be ﬁrst separated,
instead of the separations between backbone and grafts. This is a
ﬁrst hint that if the comb blocks can be further microphase-
separated, the two-component coil-comb block copolymers are
able to form hierarchical structures.
Based on this consideration, Wang et al. carried out a SCFT study
on this kind of coil-comb block copolymers [76]. It was found that,
when the interaction strengths are high enough, the coil-comb
block copolymers can self-assemble into hierarchical structures
such as lamellae-in-lamella. In these structures, the separation
between coil and comb blocks produces the large-length-scale
structures, whereas the separation in comb blocks generates the
small-length-scale structures (see Fig. 11). The microphase sepa-
ration in comb blocks resembles that in graft copolymer melts [77].
The formation of hierarchical microstructures from the coil-comb
block copolymers is also entropically favorable. It was revealed
that the parallel lamellae-in-lamella can be transformed into
perpendicular lamellae-in-lamella when the interaction strength isrelatively high. Such a transformation can be ascribed to the opti-
mization of the internal energy. As compared to the parallel
structures, the interactions between continuous A-backbone and B-
grafts can be effectively avoided in the perpendicular structures.
The aforementioned systems are amorphous polymers, and the
systems with semi-crystalline or glassy blocks are beyond our
scope. However, the semi-crystalline/glassy blocks can also be
utilized to prepare hierarchical microstructures, in particular, for
generating hierarchical microstructures out of equilibrium. For
example, if the long A-endblocks of A(BC)n multiblock copolymers
are glassy at room temperatures, these copolymers can be used to
create novel hierarchical structure by two-step quenching. The
temperature is ﬁrst quenched to a point below glass transition
temperature of A-blocks, while the B- and C-blocks are still in the
mixed melting state. Under this condition, the kinetic trapped
large-length-scale structures were formed, which offer a solid
space for the further separation of B- and C-blocks. When the
temperature is further lowered, the B- and C-blocks are separated
into small-length-scale structures. However, these small-length-
scale structures are frustrated due to the slowest dynamic yet un-
matched large-length-scale structures, resulting in multiple hier-
archical structures in solid conﬁned space [78e80]. This method
Fig. 10. (a) Schematic illustration of possible conformations in a hierarchical lamella
and (b) TEM image of the PSl-b-(PSs-b-PIs)4-b-PIs-b-PSl undecablock copolymers. The
dark and gray domains are assigned to the domains rich in PI and PS respectively.
Reprinted with permission from Ref. [69], Copyright (2005) American Chemical Soci-
ety. (c) Free energy difference DF of A20-b-(B-b-A)10 copolymer melts as a function of
the domain spacing D for cN ¼ 125. The letters a, b, c, d, and e indicate local minima of
the lamellae-in-lamella with 1, 3, 5, 7, and 9 sub-layers. Situation d corresponds to the
global minimum. Reprinted with permission from Ref. [70], Copyright (2006) Amer-
ican Chemical Society.
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controlling the process, without having to synthesize a series of
copolymers. Studies of such a topic from both the experiments and
simulations are expected.3. Hierarchical microstructures self-assembled in selective
solvents
In selective solvents, the amphiphilic copolymers are also capable
of self-assembling into various hierarchical microstructures. So far,
multicompartment micelles are the most widely studied structures
with hierarchy [10]. In these hierarchical structures, the large-
length-scale is resulted from the phase separation between sol-
vophobic and solvated blocks. Themorphologies of the large-length-
scale structures, such as spheres and cylinders, are mainly deter-
mined by the interfacial energy between the solvophobic and sol-
vophilic domains. These large-length-scale structures thenprovide a
conﬁned space for the remainder blocks to form small-length-scale
structures inside. In what follows, three kinds of solution systems
are featured. They are multicompartment micelles formed from
terpolymers, hierarchical micelles formed frompolymer blends, and
hierarchical aggregates obtained by step-wise self-assembly.3.1. Multicompartment micelles formed from terpolymer solutions
Linear ABC-terpolymers are the well-known systems for
creating hierarchical structures such asmulticompartmentmicellesin selective solvents. During the self-assembly of multicompart-
ment micelles from linear ABC-terpolymer solutions, the phase
separation between solvated and solvophobic blocks generates the
large-length-scale structures, which serves as a conﬁned space for
the further separation of the remainder blocks. Since the chain
frustration arisen from the conﬁnement can be partially adjusted
with the large-length-scale structures, this type of conﬁnement can
be referred to as soft conﬁnements. In terms of the solvent selec-
tivity of the blocks, these systems can presumably be classiﬁed into
four types. They are the terpolymers with one solvophilic endblock,
terpolymers with one solvophilic midblock, terpolymers with one
solvophobic endblock, and terpolymers with one solvophobic
midblock. The micelles formed by the latter two cases could be
shell-separated hierarchical structures, where the two solvophilic
blocks are separated on the solvophobic cores. To date, the latter
two cases are less concerned, since these formed micelles are
beyond the concept of multicompartment micelles.
For the ﬁrst type, i.e., the terpolymers with one solvophilic end-
block, they can also be classiﬁed into two casesd “non-frustrated”
and “frustrated” cases, akin to the bulk of linear ABC-terpolymers.
This classiﬁcation depends on the relative magnitudes of the inter-
action strength between C- and solvated A-blocks. When the
solvated-A/C interactions are unfavorable, the C-blocks could be
sequestered in themicelle interior, resulting in a concentric structure
(Fig.12a) [81]. Forexample, the core-shell-coronamicelles consisting
of a PS core, an intermediate P2VP shell, and a PEO corona can be
formed from a terpolymer of PS-b-P2VP-b-PEO in the aqueous so-
lutions (Fig. 12b) [82]. These structures are non-frustrated.
When the contact between solvated-A and C-blocks is more
favorable, the terpolymers can form frustrated structures. For
example, when the solubility of B-midblocks is weaker than that of
C-endblocks, the systems may self-assemble into raspberry-like C-
bump-B structures (Fig. 12c). Ma et al. prepared the raspberry-like
spheres with PS domains dispersed on the PB surface from the
solution of PS-b-PB-b-P2VP (Fig. 12d) [83]. The formation of this
raspberry-like structure is due to the fact that the solubility of PB is
weaker than that of PS in the mixed solvents of toluene and
methanol. Li et al. systemically studied the self-assembly of this
type of terpolymers in the solutions, by a simulated annealing
technique. Various raspberry-like structures with feature of patchy
nanoparticles were observed [84]. Zhu et al. carried out Monte
Carlo simulations and found that this type of terpolymers is also
capable of forming double-helix multicompartment micelles with
twisted B/C-cylinders. In this case, the formation of raspberry-like
structures is enthalpically dominated [85].
Recently, Jiang et al. found that the raspberry-like structures can
also be formed in the non-frustrated fashion. When the sol-
vophobic midblocks are much shorter than the solvophobic end-
blocks, the ABC-terpolymers can form raspberry-like B-bump-C
structures (Fig. 12e). Schacher et al. synthesized a linear terpolymer
of PB-b-P2VP-b-PtBMA, where the middle P2VP blocks are shorter
than the PB endblocks [86]. In the acetone solution, the raspberry-
like micelles with three to six P2VP spheres on a PB core were
observed (Fig. 12f). Similar to the concentric structures, this type of
raspberry-like structures is entropically favorable.
Generally, the linear ABC-terpolymers with one solvophilic
midblock are thought not to form well-deﬁned structures [87].
Recently, we discovered that such kind of ABC-terpolymers can
self-assemble into various interesting hierarchical structures that
the other three types of ABC-terpolymers cannot form, through the
SCFT calculations [88]. Due to the fact that both ends are ﬁxed to
two mutually incompatible solvophobic blocks, the solvophilic
midblock cannot spread freely into the surrounding solvent media.
Rather, it must simultaneously bridge the different solvophobic
domains and screen the solvophobic cores from the solvent
Fig. 11. Two-dimensional density plots of (1) coil blocks, (2) A-blocks of comb blocks, and (3) branches for various structures: (a) parallel lamellae-in-lamella, (b) perpendicular
lamellae-in-lamella, (c) cylinders-in-lamella, (d) lamellae-in-cylinder, and (e) cylinders-in-cylinder. Dark- and light-gray regions indicate high and low local volume fractions of a
species, respectively. Image 4 shows corresponding schematic illustrations, where the light-blue, white, and light-red regions represent coil block domains, domains rich in A-blocks
of the comb block, and branch domains, respectively. The blue and red lines denote the A- and B-blocks, respectively. Reprinted with permission from Ref. [76], Copyright (2009)
American Chemical Society.
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with alternating solvophilicesolvophobic structures such as the
double-stranded superhelix (Fig. 13). To distinguish from the mul-
ticompartment micelles whose solvophobic compartments have
common interfaces, we deﬁned such new structureswith separatedFig. 12. Schematic and TEM image of (aeb) concentric micelle, (ced) C-bump-B micelle, and
images (b), (d), and (f) are PS192-b-P2VP133-b-PEO590, PS440-b-PB1020-b-P2VP114, and PB800
permission from Refs. [81,83,86]. Copyright (2009,2011) American Chemical Society. Imagecores as multicore micelles. Some experimental evidences support
this prediction. Laschewsky et al. prepared micelles self-assembled
from lipophilic-hydrophilic-ﬂuorophilic terpolymers, and proposed
that the formation of suchmicelles was based upon the fact that the
hydrocarbon and ﬂuorocarbon domains were separated and yet(eef) B-bump-C micelle obtained at different conditions. The polymer samples for TEM
-b-P2VP190-b-PtBMA550, respectively. Images (a, cef) are reprinted and adapted with
(b) is adapted from Ref. [82] with permission. Copyright (2001) Wiley.
Fig. 13. (a) Sketch of the effect of a solvophilic midblock of a linear ABC-terpolymer on the formation of multicore micelles. The solvophilic midblock (red) simultaneously screens
and connects the individual solvophobic cores (blue and green). (b) SCFT results of superhelix self-assembled from ABC-terpolymers in a selective solvent. The volume fractions of
A- and C-blocks are 0.35 and the solubility of midblock is cBSN ¼ 10.0. For the sake of clarity, the solvophilic shells are not presented. Rg is the radius of gyration of the copolymer
chain [87]. Reproduced from Ref. [88] with permission of The Royal Society of Chemistry.
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observation is generally in line with the simulation results of
multicore micelles.
The topology of the ABC-terpolymers has a pronounced effect
on the morphology of the hierarchical structures in dilute solution.
When the topology changes from linear to star-like, the formed
hierarchical structures are varied. In the structures formed by star
ABC-terpolymers, the junctions impose a rigid conﬁnement on the
arrangement of the small-length-scale structures. This topological
requirement can effectively suppress the formation of core-shell-
corona concentric structures. The ability of star ABC-terpolymers
to form non-concentric multicompartment micelles has been
demonstrated in the experiments carried out by Lodge et al. [91e
94] They observed a series of multicompartment micelles such as
hamburger micelles (Fig. 14a,b), segmented wormlike micelles
(Fig. 14c,d), and nanostructured vesicles (Fig. 14e,f), from the self-
assembly of m-PEE-PEO-PFPPO star terpolymers in aqueous solu-
tions. Experimental morphology diagrams have been mapped out
by changing the block lengths. For example, a morphological
transformation of hamburger micelle / segmented wormlike
micelle / nanostructured vesicle occurs as the length of sol-
vophilic blocks decreases (Fig. 14).
On the simulation side, Li et al. have systemically investigated
the self-assembly of star ABC-terpolymers in A-block selective
solvents using a simulated annealing technique [95]. They not onlyFig. 14. Schematic representation and corresponding TEM images of self-assembled mice
segmented wormlike micelle, and (e, f) nanostructured vesicles. Reprinted and adapted wireproduced the experimental results, but also predicted some novel
structures such as vesicles with lateral helices. Moreover, two
general features of the self-assembly behavior were obtained. On
one hand, the overall geometry of the micellar aggregates is mainly
determined by the length of the A-blocks. As the A-block length
decreases, the large-length-scale morphology changes from
sphere-like to cylinder-like to layer-like structures. This morpho-
logical sequence is analogous with that observed in amphiphilic
diblock copolymer solutions [96]. On the other hand, the small-
length-scale structures of the solvophobic BC domains is
controlled by the length ratio of B- to C-blocks and the B/C-block
interactions. The morphological transition within BC-domains can
be regarded as a conﬁned self-assembly of BC-diblock copolymers.
Despite the generality of these features, the ﬁnal structures of the
micelles are determined by the competition between the conﬁne-
ment effects of A-arms and the phase separation of BC-arms.
Compared with the linear ABC-terpolymers, the formation of
small-length-scale structures in star ABC-terpolymer solutions is
less sensitive to the solubility and length of B- or C-blocks.
3.2. Hierarchical micelles self-assembled from polymer blend
systems
In selective solvents, the hierarchical structures can be formed
by a blend of two or more different block copolymers. Mixing thellar structures of star m-PEE-PEO-PFPPO terpolymers: (a, b) hamburger micelle, (c, d)
th permission from Ref. [91], Copyright (2006) American Chemical Society.
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cally tune micelle structures. The possibility of macrophase sepa-
ration, however, limits the efﬁcacy of this technique. Blending two
different diblock copolymers with one kind of blocks having same
chemical species may overcome this drawback and provide an
effective route to create hierarchical structures. One of the para-
digms is the blend of amphiphilc AB-diblock copolymers and sol-
vophobic BC-diblock copolymers. Hayward et al. studied the self-
assembly behavior of the blends containing PEO-b-PS and PS-b-
P2VP [97]. It was found that these blend systems can self-assemble
into various hierarchical microstructures, such as the wormlike
micelles with solvophobic spherical/cylindrical cores surrounded
by PS shells (Fig. 15). The morphologies of the solvophobic cores are
found to depend on the weight ratios of the block copolymers.
If the solvophobic BC-block copolymers are replaced with an
amphiphilic BC-block copolymer containing solvophobic B-blocks,
directly blending amphiphilic AB- and BC-copolymers always gives
rise to separated aggregates instead of hierarchical microstructures
[98]. However, if the A-blocks are miscible with C-blocks, the ag-
gregates with mixed A/C-blocks in shells can be obtained. A further
separationof theA/C-shells canproducehierarchical structureswith
microphase-separated shells, since the slow dynamic B-cores are
difﬁcult to separate once they are formed. Lin et al. have prepared a
kind of micelles with mixed PEG and PLGA in shells from the self-
assembly of PLGA-PPO-b-PLGA and PPO-b-PEG blends [99]. In
basic andneutral conditions, a conventionalmicellewith PLGA/PEG-
shell was formed, where the PLGA assumes a coiled state. In acidic
conditions, the PLGA undergoes a conformational transformation
from a random coil to an a-helix (solubility becomes worse), giving
rise to a production of hierarchical micelles. In the shells of these
hierarchical micelles, the a-helical PLGA is segregated from PEG.
Introducing additional non-covalent bonding interaction among
the blocks of two different copolymers can also produce stable
hierarchical structures, for example, the AB/CD-copolymer blends
bearing electrostatic attractions between polyanionic B-blocks and
polycationic C-blocks. Zhang et al. prepared core-shell-corona mi-
celles by blending PS-b-PAA and PEO-b-P4VP in ethanol, where the
PAA and P4VP are electrostatically attracted [100]. The self-
assembly of PS-b-PAA can ﬁrst give rise to the coreeshell micelles
with PS core and PAA shell. The addition of PEO-b-P4VP diblock
copolymers to the PS-b-PAA solution allows the P4VP to penetrate
into the PAA shell of the coreeshell micelles through the com-
plexations of P4VP and PAA, and thereby forming spherical core-
shell-corona micelles. Cheng et al. investigated the complexations
of PS-b-PEO micelles with PAA homopolymers [101]. Due to the
hydrogen-bonding interactions between the PEO and PAA, the PS-
b-PEO micelles are reorganized into hierarchically pearl-necklace-
like structures by adjusting the pH value. Such a structure is
exhibited as a large-length-scale cylinder consisting of variousFig. 15. TEM images of multicompartment wormlike micelles formed by blends of PS91-b-PE
were stained dark by exposure to I2 vapor. The wormlike micelles showed internal micropha
Reprinted with permission from Ref. [97], Copyright (2008) American Chemical Society. Thsmall-length-scale spheres. Lin et al. investigated the self-assembly
of AB/C-blends with non-covalent bonding interactions between B-
and C-ends, using the SCFT [102]. It was found that the strengths of
non-covalent bonding interaction play an important role in the
formation of multicompartment micelles. With increasing the
bonding strengths, the hierarchical micelles are found to transform
from core-shell-corona structures to segmented wormlike struc-
tures. Such a transformation is due to the increased amount of the
ABC-type supramolecular polymers at high bonding strengths.
In addition, the blends of more complicated copolymer systems,
such as AB/ABC copolymer blends and ABC/ABD copolymer blends,
can give rise to more sophisticated aggregates with hierarchical
structures [103,104]. In contrast to these complicated systems, an
interesting case is to blend solvophobic homopolymers with
amphiphilic copolymers. Usually, it results in concentric structures
with the homopolymers embedded in the core [105]. However,
when rigidblocks are introduced, the systems can self-assemble into
intriguing hierarchical structures. For example, the blend of PBLG-b-
PEG and PBLG, which only contains two different chemical species,
was found to self-assemble into hierarchical structures such as su-
perhelix (Fig. 16) [106]. A Brownian dynamics simulation revealed
that, in the superhelical structures, the PBLG homopolymers occupy
the core that is surrounded by the helix formed by the PBLG-b-PEG
block copolymers. In this system, the large-length-scale cylinders
were supported by the template of cylindrical cores, whereas the
small-length-scale heliceswere formed bya twisted arrangement of
the block copolymers. The formation of this type of hierarchical
structures is favored by the conformational entropy.We found some
similarity in the experiments carried by Li et al. and Fu et al. [107e
109] In their experiments, electrospun nanoﬁbers served as the
shish, and a secondary homopolymer or block copolymer was
decorated on the nanoﬁbers in the formof single-crystal lamellae by
either an incubation or a solvent evaporation method.
3.3. Hierarchical aggregates formed by step-wise self-assembly
In the self-assembly of amphiphilic copolymers in solutions, two
kinetic processes are possible in response to environmental
changes [110,111]. One is the relatively fast intramicellar process. In
this process, local preferred curvatures in isolated micelles can be
obtained through fast chain adjustment. The second is the rela-
tively slow intermicellar process. This process involves two primary
mechanisms of exchange kinetic in the micelles: (a) micelle fusion
and ﬁssion, and (b) single chain insertion and expulsion. The
micelle fusion/ﬁssion mechanism is known to be energetically
unfavorable due to the repulsive interaction of micelle coronas.
Therefore, the single chain insertion and expulsion usually domi-
nate the exchange kinetics. In the single chain insertion/expulsion,
the macromolecule is extracted from a micelle, transportedO48 with PS538-b-P2VP200 in weight ratios of (a) 80:20 and (b) 60:40. The P2VP regions
se separation into (a) spherical and (b) cylindrical P2VP cores surrounded by PS shells.
e arrow indicates a concentric core-shell-corona spherical structure.
Fig. 16. (a) TEM images of super-helical rods and rings self-assembled from a blend of PBLG142-b-PEG45 and PBLG2374. (b, c) AFM images of super-helical rods for length proﬁle and
cross section proﬁle, respectively. Adapted from Ref. [106] with permission of The Royal Society of Chemistry.
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During the extraction, the solvophobic blocks must overcome un-
favorable polymeresolvent interactions, and this process is rate-
limiting. It means that a thermodynamic barrier should be over-
come to realize the chain exchange between micelles. The ther-
modynamic barrier mainly depends on the length and solubility of
the solvophobic blocks [112e115]. The large barrier leads to highly
retarded exchange rates. When combined, the mismatch of these
two kinetic processes provides opportunities to create a diversity of
hierarchical microstructures from only a limited set of building
blocks. The structures formed by these systems are essentially
frustrated.
The commonly-used paradigm for processing hierarchical
structures is a direct step-wise self-assembly via pre-assembled
subunits. Wooley, Pochan, and co-workers have produced hierar-
chical structures such as segmented cylindrical micelles (Fig. 17)
[116]. These structures were obtained by using organicmultiamines
to tailor assembly of PAA-containing di- and tri-block copolymers.
First, the micelles comprising hydrophobic cores and hydrated
PAA-diamine shells were formed in the mixed THF/water. Then,
upon quickly introducing THF, the local geometry of the isolated
micelles changes before intermicellar aggregation occurs, since the
local chain adjustment is a much faster process as compared with
the intermicellar interactions. In this speciﬁc case, the disklikeFig. 17. The step-wise strategies for creating hierarchical microstructures. Spherical micelles
diamine. Sphere-disk transition occurs ﬁrst as THF is introduced. Anisotropic shape of disk-li
permission from AAAS.morphology is favored for the isolated micelles, and therefore the
aggregates undergo a one-dimensional growth through combining
the disklike isolated micelles. The one-dimensional aggregation is
resulted from the fact that the disklike PAA-diamine faces experi-
ence long-range, attractive electrostatic interactions with the other
diamine-rich PAA faces. In addition, the diameter and volume of
each cylindrical segment are comparable to those of the isolated
micelles, meaning that the chain exchange between micelles is
hindered in this step-wise process. These resultant hierarchical
structures are kinetically trapped but stable.
It is noted that the above example takes advantage of the slow
exchange kinetics between the pre-assembled structures due to
large portion of the solvophobic blocks. In contrast, if the portion of
solvophobic blocks in the pre-assembled aggregates becomes
smaller, the chain exchange among these pre-aggregates becomes
faster. Using this point, it is able to create monodisperse hierarchical
micelles with deﬁnite number of substructures, through a step-wise
way. Müller, Zhulina, and coworkers constructed a homogeneous
population of well-deﬁned multicompartment micelles having
precisely tunable patchiness, using simple linear ABC-terpolymers
(Fig. 18) [117]. They ﬁrst prepared well-deﬁned micellar subunits
with a collapsed but dynamic B-core and a mixed or compart-
mentalized corona of A/C-blocks in non-solvents for B-blocks
(Fig. 18a). Since the B-portion is relative smaller, the solvophobicof PAA94-b-PMA103-b-PS44 are formed at the 1/4 ratio of THF to water in the presence of
ke micelles allows for one-dimensional preferred growth. From Ref. [116]. Adapted with
Fig. 18. The ABC-terpolymers are forced into corona multicompartment micelles (a) via dissolution in a non-solvent for B-blocks. Upon dialysis into a non-solvent for A- and B-
blocks, these subunits self-assemble further via a reﬁnement of the corona structure (b) into various multicompartment micelles with well-deﬁned number of patches (cee).
Adapted by permission from Macmillan Publishers Ltd: Nature Communications, Ref. [117]. Copyright (2011).
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blocks is weaker. Under such circumstance, the possible chain ex-
change between different subunits takes place, resulting in a ho-
mogenous distribution of the subunits. This is the necessary
foundation for target at the well-deﬁned hierarchical structures.
Subsequent addition of non-solvents for A-blocks induces the
collapse of the pre-assembled units. Under this condition, the sol-
vophobic parts become larger, and the chain exchange between
micelles becomes difﬁcult, which leads to consecutive reﬁnement of
the A/C-corona structure of the intermediate subunits (Fig. 18b).
These intermediate subunits then serve as bricks for the next-level
assembly. Various well-deﬁned hierarchical multicompartment
micelles with A-core, B-patches and C-corona were obtained
through ﬁtting the intermediate subunits together, such as mono-
disperse football-, clover-, and hamburger-like micelles (Fig. 18cee).
The nature of step-wise self-assembly can be understood based
on free energy landscapes. The free energy landscape is a variation
of free energies in the self-assembly process [118]. The step-wise
self-assembly strategy (e.g., two-step self-assembly) is to change
the free energy landscapes of the direct self-assembly. Rational
designs of the steps can make the systems trapped in some meta-
stable states for generating novel structures. The free energy
landscapes of the ﬁrst step correspond to the self-assembly from
disordered solutions, while those of the second step correspond to
the self-assembly from solutions with pre-subunits. In the ﬁrst
step, if the energy barriers associating with rates of reactions are
relatively small, the chains/micelles can communicate with each
other well, resulting in precisely-deﬁned pre-subunits as observed
in the experiments of Müller et al. [117] Otherwise, the systems
would be trapped in metastable states. In the second step, provided
that the intermicellar process is not rate-limiting, the free energy
landscapes can be degenerated into the ones of direct self-
assembly. As a result, both the step-wise and direct self-assembly
generate the same aggregates. However, when the intermicellar
and intramicellar processes in the second step are mismatched, the
free energy landscapes would be changed, which may lead to the
formation of kinetically trapped structures such as segmented cy-
lindrical micelles [116]. Therefore, the mismatch of the inter-
micellar and intramicellar processes in second step is necessary for
the step-wise strategy. The step-wise self-assembly from pre-
assembled subunits has wide ﬂexibility to produce multiple hier-
archical microstructures from a single copolymer composition,
which lays the cornerstones for the rational design of new gener-
ations of tunable and functional multicompartment solution-based
hierarchies.4. Conclusions and outlook
Recent achievements in the polymer hierarchical microstruc-
tures are reviewed in this work. This burgeoning ﬁeld has under-
gone rapid development over the past decades, and would open up
many opportunities in nanotechnology applications. Particular
attention is paid to the principle underlying the design of hierar-
chical microstructures and the classiﬁcation of non-frustrated and
frustrated structures. Generally, the phase separation of the entire
polymer molecules generates the large-length-scale structures,
which afford a conﬁned space for the further separation of the part
blocks into small-length-scale structures. The conﬁnement
imposed by the large-length-scale structures is soft, since their
morphology and size can be adjusted with the morphology and
number of small-length-scale structures. This is a delicate balance
of entropic and enthalpic effects. Thework listed in the article is not
ﬁnal, but a start for the build-up of structures with new hierarchies.
Looking out to the future, there are still a lot of challenges and also
opportunities for designing hierarchical microstructures from the
polymer systems.
(1) Precise hierarchical microstructures synthesized by step-wise
self-assembly The development of hierarchical microstructures
is mostly inspired from biological phenomena, and is proposed
to advance the scope of the biological structures. However, the
precision of the current designs is unparalleled to that appears
in biology. One of promising approaches for precise hierarchi-
cal structures is the hierarchical assembly process with step-
wise reduction of conformational freedoms. In this approach,
the organization of pre-assembled well-deﬁned subunits from
the polymers into ﬁnal structures resembles the step-growth
polymerization in synthetic polymers, resulting in the hierar-
chical microstructures with controlled precision. This principle
draws inspiration from the biological phenomena, for example,
the precise folding of peptides involves pre-folded in-
termediates before furnishing monodisperse proteins. In
addition, the synthesis of precisely-deﬁned polymers, beyond
the well-deﬁned polymers, is also required before actually
achieving precise hierarchical structures [119e121].
(2) Entropy-driven hierarchical microstructures Most of the
recent hierarchical microstructures self-assembled from the
copolymers are enthalpy-dominated in essence, and therefore
more than two blocks with different chemical species are
incorporated in the systems. In future, developing hierarchical
microstructures from the systems containing nomore than two
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topic has the advantage in preparing hierarchical structures
without having to synthesize polymers with various compo-
nents. Since the chemical components are reduced, the inter-
action enthalpy could not play the dominated role. Instead, the
conformational entropy would determine the ﬁnal hierarchical
structures. Therefore, new strategies should be developed for
constructing entropy-dominated hierarchical microstructures.
We recently proposed an example for such a purpose. The hi-
erarchical microstructures are self-assembled from two-
component As(BsAs)nBl multiblock copolymers bearing one
kind of rigid blocks (s and l respectively denote short and long
chains) [122]. Through the SCFT calculations, it was found that
this designed copolymer can form hierarchical liquid crystals.
For the cases with rigid B-blocks and ﬂexible A-blocks, the
copolymers form structures such as smectic-in-smectic phases
containing two liquid crystalline states. While for the rigid A-
blocks and ﬂexible B-blocks, hierarchical structures such as
smectic-in-lamellar phases involving only one-length-scale
liquid crystalline state were observed.
(3) Functional hierarchical microstructures Although many
studies have been focused on the morphologies of hierarchical
microstructures, less attentionwas paid to the properties of the
hierarchical microstructures. Note that one goal of preparing
hierarchical structures is to provide materials with advanced
properties. Thus, the properties of hierarchical structures
should be ultimately examined to evaluate the usability of hi-
erarchical structures. However, an open question remains as to
whether the hierarchical microstructures play an unprece-
dented role in transferring and amplifying the molecular
functions or not. Few studies have revealed that the excellent
properties can be achieved by preparing the materials with
hierarchical microstructures. For example, we found that the
extensional moduli can be improved if the polymeric materials
have a hierarchical microstructure of lamellae-in-lamella.
These works demonstrated the signiﬁcance of the study of
hierarchical microstructures, but more studies concerning this
issue are anticipated [123].
(4) Multi-scale simulation methods for hierarchical microstruc-
tures The theory and simulation can provide valuable infor-
mation that is difﬁcult to be gained in the experiments.
However, the investigation of hierarchical microstructures in-
volves a wide range of time and space scales, leading to an
expensive computational cost. Furthermore, the hierarchical
microstructures are developed from the equilibrium to out of
equilibrium. Therefore, highly-effective dynamic mesoscopic
simulation methods should be developed for the study of hi-
erarchical microstructures. The simulation methods should
incorporate the polymer information at molecular levels and
the structural information at microscopic levels. The hybrid
simulation method such as the combination of SCFT and mo-
lecular dynamics/ﬂuid dynamics could be developed for
investigating the formation behavior of the hierarchical struc-
tures [124]. When combining simulation methods at different
length scales, a lot of technical problems need to be solved, for
example, how to satisfy the mass, momentum, and energy
conservation in the coupling of various methods.
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SCFT self-consistent ﬁeld theory
DPD dissipative particle dynamics
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